ABSTRACT: In this article, the experimental modeling and active shape control of hybrid composite structures actuated by shape memory alloy (SMA) wires are presented and discussed. The thermomechanical properties of the SMA wires are experimentally measured. SMA actuators with residual strains are prepared by loading-unloading tensile tests. Hybrid composite structures are established by attaching the SMA actuators on the surface of a graphite/epoxy composite beam and plate by bolt-joint connectors. The first-order numerical model is used to model the response of the hybrid composite structures attached to the SMA actuators. The parameters of the first-order model are experimentally determined and the response is compared with experimental data. For faster and more accurate shape/deflection control of the hybrid composite structure, feedforward and proportional integral derivative (PID) feedback controllers are designed and applied to the hybrid composite structure. The PID feedback controller significantly improves the performance of the SMA actuators.
INTRODUCTION M
ANY researchers have studied functional materials, their characteristics, and analysis methods of smart structures, with their increasing application areas. Smart structures incorporate actuators and sensors that are highly integrated into the structure and have structural functionality, as well as highly integrated control logic, signal conditioning, and power amplification electronics. Shape memory alloys (SMAs) are one of the promising actuators for smart structures due to two unique effects, which are known in the literature as the shape memory effect and pseudoelasticity (Otsuka and Wayman, 1998) . These characteristics result from phase transformations that are induced by temperature or applied stress changes. The unique thermal and mechanical properties of SMA present exciting design possibilities in diverse engineering fields. Duerig et al. (1999) reviewed Nitinol's success in medical applications and Humbeeck (1999) summarized nonmedical applications of SMAs.
Many researches have also been performed with onedimensional constitutive models to describe the thermomechanical behaviors of SMA wires. Numerical models of SMA wires proposed by Tanaka (1986) , Liang and Rogers (1990) , and Brinson and Lammering (1993) are most popular and commonly exploited. _ Z Zak et al. (2003) experimentally validated that the Brinson model should be applied for the investigations of the shape memory and the superelastic behavior of SMA components. High recovery forces and large displacements enable SMA to be used in many applications, such as the devices for active vibration control and shape control. Salichs et al. (2001) suppressed the vibration of building structures using the SMA as energy dissipation devices. Baz et al. (1990) studied the active vibration control of a flexible beam using shape memory actuators. Oh et al. (2001) used SMA wires and piezoceramics to control the shape of parallel double plate structures. Choi and Lee (1998) performed experimental and analytical studies on the shape control of a flexible composite beam with embedded SMA actuators. It was shown that the SMA actuators could alter the deformed shape of composite beams that were subjected to external and thermal loads. Rhee and Koval (1993) used a first-order model to describe the relation between input voltage and generated force of the SMA actuator and established the numerical transfer function of a cantilever beam with SMA actuators.
Recently, morphing concepts for unmanned aerial vehicles have been significant issues in aerospace engineering area (Bowman et al., 2002) . Morphing structures have been realized by various methods including camber change, wing's cross-section change, and spar change (Amprikidis and Cooper, 2003) .
SMA actuators are quite suitable for morphing wing due to high recovery forces, large deformations, and small volume. However, to apply SMA actuators to shape variable wings, active shape control of the structures incorporating SMA actuators should be thoroughly investigated. Most previous researches on the shape control of composite structures have been performed for the embedded SMA actuator cases. However, it is difficult to fabricate the structure with embedded SMA actuators with high reliability and the heat generated by electrical resistive heating for actuator activation may cause the crack in structures or debonding of SMA actuator from the structures. That is the reason why most previous studies have focused on the numerical analysis (Nagaya and Ryu, 1996; Moallem, 2003) .
This article presents experimental studies on the active shape control of composite structures with SMA actuators attached on the surfaces of the structures using bolt-joint connectors. This method overcomes the disadvantages of the embedded SMA actuators and also has the advantages of cooling processes and insulation between each SMA actuator. First, thermomechanical behaviors of SMAs are observed and several thermomechanical properties are characterized by experiments. SMA actuators with residual strains are fabricated by loading-unloading tests and connected to the composite beam and plate with bolt-joint connectors. The electric resistive heating activates the SMA actuators for configuration change of structures. The shape deformations of the hybrid composite beam and plate according to the applied electric powers are observed. For the modeling of the step response of the hybrid composite beam with SMA actuators, a first-order model is adopted and the parameters of the model are experimentally measured. Finally, the active shape control of a hybrid composite beam is performed using feedforward and feedback controls. Proportional integrated derivative (PID) feedback controller improves the performance of SMA actuators to be faster and more accurate.
THERMOMECHANICAL BEHAVIORS OF SMA WIRES
To obtain the thermomechanical properties of Ni-Ti SMA wires, experimental measurements were carried out on SM495 SMA wires, manufactured by Nitinol Devices & Components ß (NDC). Ni-Ti SMA wires of 0.185 mm diameter were selected for the present experiments. The physical properties and chemical composition of the SM495 SMA wire are presented in Table 1 .
Four temperatures related with phase transformations of SMA wire are very important to describe the thermomechanical behaviors of the SMA wire: A s , A f , M f , and M s which are the start and finish transformation temperatures from martensite to austenite or from austenite to martensite phase of the SMA wire. The purpose of the first experimental measurement was to determine the phase transformation temperatures of the delivered SM495 SMA wire. A differential scanning calorimeter (DSC, S-650 Shinco Co. Ltd) was used to determine the transformation temperatures. Figure 1 shows the heat flow curves of SM495 SMA wires with zero stress using DSC. Figure 1(a) is the result of the first cycle test and (b) is that of the second. The transformation temperatures, especially A s and A f , of the SMA wire are quite different between two cases, because the delivered SM495 SMA wire has initial residual strains. During the first cycle, the behavior of the wire was governed by the initial residual strain. However, the residual strain was removed by the phase transformation during heating process so that at the second cycle, the wire had no residual strain. The transformation temperatures of the SMA wire are presented in Table 2 . The measurement of the length change of the SMA wire before and after phase transformation revealed that the wire had about 3.5% initial strain at the delivered state. Figure 2 shows the experimental setup for the measurement of isothermal strain-stress curves, where an Instron Õ universal testing machine 5583 and an Instron Õ SFL thermal chamber were used for loading and unloading tests at several constant temperatures. The test temperature was set at every 5 C between 30 and 120 C. A new test specimen was used in each experiment to minimize changes in the material response from thermomechanical cycling. SMA wires, 200 mm long were tested, and the strain rate during the loading and unloading processes was 0.4% strain/min.
Figures 3 and 4 show the stress-strain relationships of SM495 SMA wires. There are three different stressstrain patterns, which are the shape memory effect, a transient region, and the pseudoelastic effect. At T 70 C, the SMA wires are in the martensite phase, showing the shape memory effects as shown in Figure 4 (a). The pseudoelastic effects are observed at 80 C<T, where the SMA wires are in the austenite phase as shown in Figure 4 (b). The Young's moduli of the martensite and austenite phases of the SM495 SMA wires were determined. Figure 5 shows the Young's moduli at each temperature and the curve fitting results.
At a high temperature over austenite finish temperature, SMA wires are transformed into stressinduced martensite phase during loading process, and returned to austenite phase during unloading processes. This phenomenon is called pseudoelasticity or superelasticity. The critical stresses, which induce phase transformations, increase as the temperature increases. The stress influence coefficients are defined as the slopes of the lines representing the dependence of the critical stresses on the temperature of the wire. The critical stresses and the stress influence coefficients C M and C A of the wire are presented in Figure 6 .
SHAPE TUNING OF COMPOSITE STRUCTURES
A graphite/epoxy, [0/90] S composite beam and plate were prepared for the flexible base structures for the shape tuning tests. The purpose of the test was to demonstrate that the shape of composite structures could be greatly changed by the effective use of SMA actuators. The 250 mm long SMA actuators with 2.9% residual strain were prepared from the loading and unloading one-cycle test at room temperature. Two SMA actuators were attached on the surface of the composite structures with bolt-joint connectors, as shown in Figure 7 . When SMA actuators were activated by temperature change, the beam and plate would bend Two pairs of connectors are located on the upper and lower surfaces of the composite structures. The upper pair connects SMA actuators and the lower acts as an electric line for applying electric power to SMA actuators. Because SMA actuators are located off the neutral axis of the composite beam and plate, the recovery force due to phase transformation acts as a bending moment about a fixed point. Figure 9 shows the experimental setup. To increase the temperature of the SMA actuators and to activate the actuators, electric power was applied to them. A two-channel high current power source with V max ¼ 16 V and I max ¼ 10 A was used to apply the electric power. Figures 10 and 11 show the shape tuning test results of SMA hybrid composite structures. In the case of the SMA hybrid composite beam, a current lower than 1 A did not change the shape of the SMA hybrid composite beam. When a 2-A current was applied, the tip of the composite beam moved about 30 mm and when a 3-or 4-A current was applied, the tip moved over 100 mm. In the case of the SMA hybrid composite plate, a current more than 3 A significantly changes the shape of the SMA hybrid composite plate.
When a constant current is continuously applied to the SMA actuators, the shape of the composite structures was maintained after the transient process. This means that the recovery forces from the SMA actuators are balanced with structural internal forces. When forces are balanced, the heating rate of the SMA actuator by electric resistive heating is equivalent to the cooling rate by natural convection. When the same electric power was applied to the SMA actuators of the composite beam and plate, the level of shape change was different because of difference in structural stiffness.
EXPERIMENTAL MODELING AND SHAPE CONTROL OF HYBRID COMPOSITE BEAM WITH SMA ACTUATORS
Hybrid composite structures with SMA actuators are being investigated for position, shape, and vibration control of the structures. A numerical model of the system is generally required during the design process of adequate controller to perform those objects. In general, numerical models of the smart structures can be acquired by linear superposition of the models of sensor, actuator, and structure. However, the SMA actuator has a highly nonlinear relationship between the input (electric power or current) and the output (recovery stress or strain) under the influence of environmental temperature, applied stress, strain, and so on. Hence, a simple model is adopted to describe the responses of the hybrid composite beam with SMA actuators.
The specimen used for the experimental modeling and the active shape control is a graphite/epoxy, [0 2 /90 2 ] S composite beam, stiffer than the previous one. The SMA actuators had an initial residual strain of 3.5%, and were attached at both surfaces of the composite beam with bolt-joint connectors, as shown in Figure 12 . For the activation of the SMA actuators, a two-channel high current power supply was used and each channel was connected to each SMA actuator. The deflection at the 20-mm point from the tip of the specimen, measured by laser doppler velocimetry (LDV), was used as a system output signal. Figure 13 shows a typical experimental step response of the hybrid composite beam. The settling time is more than 10 s and there are large errors in the steady state. This deflection history indicates that a first-order model is an appropriate approximation, in the form
where, X is the deflection, is the time constant, K is the correction factor, a is the slope of the deflection versus electric power curve, P ¼ RI 2 is the electric power supplied to the actuators, I is the current, and R ¼ 13 is the electrical resistance of the SMA actuators. The parameters in the first-order model were measured by several experiments. Equation (1) is a nonlinear equation relating deflection and electric current. Linearization of Equation (1) about a nominal current of i 0 leads to
At first, the time constant, was measured using step responses. In general, the time constant of the first-order model is determined by impulse response but the SMA actuator was not activated by a short-time input signal. So, step input during 10 s was applied to the SMA actuators and the output signals after the electric power was cut-off were used. Figure 14 shows the time constants according to applied electric power and the average value is 1.7 s. Next, the amplitudes of step responses were measured to predict the slope of the relation between deflection and applied electric power. Four cycle tests were performed and Figure 15 shows the results. Constant currents were applied to the SMA actuators for 30 s and the amplitudes are average values of the 20-s output signal after 10 s. The slope, a was obtained by linear fitting and the value is 6.89 mm W
À1
. At last, the correction factor, K was determined for modification of the response amplitude of the numerical model when electric current, i 0 ¼ 0.4 A was applied and the value was 0.38. The simulation result using the first-order model is compared with the experimental data, as shown in Figure 16 and shows good agreement. A PID controller was designed to reduce the settling time and the steady-state error. The structure of the PID feedback controller is shown in Figure 17 and the gains of the controller were determined by several numerical simulations with the first-order model as K ¼ 0.035, K I ¼ 1.5, and K D ¼ 0.1. Figure 18 shows the simulation results with the firstorder model and designed controller. When the PID controller is applied, there was about 10% overshoot but the settling time was significantly reduced to half of the open-loop response.
The control logics were realized on a digital signal processor (DS1103 DSP) board manufactured by dSPACE Co. and the deflection at the 20-mm point from the tip of the specimen was used as the system output signal. The step responses of the hybrid composite beam due to the applied electric currents were observed and a feedforward controller was designed from the step responses for comparison with the PID controller, as shown in Figure 19 . Figure 20 shows the experimental results of shape control using the feedforward and the PID feedback controllers and the numerical simulation using the PID controller and the first-order model. In the case of feedforward control, settling time is more than 10 s and the steady-state error is quite large. However, in the case of feedback control, settling time is about 5 s, a half of the feedforward control and the desired deflection is accurately maintained. Due to the nonlinearity of the SMA actuators, the numerical model did not exactly predict the experimental results. When the references were small, the responses of the numerical model were faster than the experimental results, as shown in Figure 20 (a) and (b). When the amplitude of references was about 5 mm, the responses were almost the same as the experimental data except the magnitude of the overshoot, as shown in Figure 20 (c) and (d). However, when the larger references were applied, the numerical model showed slower responses than experiments, as shown in Figure 20 (e) and (f ). The experimental results showed that the active PID control significantly reduced the settling time and steady-state error of the hybrid composite structure. Generally, experimental results showed more overshoot than the numerical predictions. The present study employed a simple but practical numerical model based on the experimentally determined parameters so that the nonlinearity of SMA actuators was not fully taken into account.
CONCLUSIONS
A smart memory alloy hybrid composite beam and plate are fabricated for shape tuning test using SMA actuators with residual strain. The thermomechanical behaviors of SMA wires such as shape memory effects and pseudoelastic behaviors are verified by loadingunloading tests at several temperatures. Using electric resistive heating, the SMA actuators are activated and quite large deformation of the SMA hybrid composite structures is observed. The various shape changes of the composite beam and plate are observed and discussed. The first-order model is applied to model the step response of the hybrid composite beam on the surface of which the SMA actuators are attached. The parameters of the model are experimentally determined and the result of the numerical simulation using the first-order model shows good agreement compared with the experimental response. For fast and accurate response of the hybrid composite beam, we adopt the PID feedback controller designed using the simulation with the first-order model and the performance is significantly improved.
Integration of SMA actuators with base structures, activation method of the SMA actuators, and advanced control schemes are now being further developed for the adaptive shape-variable wing. 
